Introduction-People worldwide depend upon daily fish consumption as a major source of protein and other nutrients. Fish are high in nutrients essential for normal brain development, but they also contain methylmercury (MeHg), a neurotoxicant. Our studies in a population consuming fish daily have indicated no consistent pattern of adverse associations between prenatal MeHg and children's development. For some endpoints we found performance improved with increasing prenatal exposure to MeHg. Follow up studies indicate this association is related to the beneficial nutrients present in fish.
Results-Mean prenatal MeHg exposure was 6.9 ppm. There was no association between prenatal MeHg and 21 endpoints. Increasing prenatal MeHg was associated with better scores on four endpoints (higher W-J-II math calculation scores, reduced numbers of trials on the IntraExtradimensional Shift Set of the CANTAB, fewer reports of substance use and incidents of and referrals for problematic behaviors in school. Increasing prenatal MeHg was adversely associated with one level of referrals to a school counselor.
Conclusions-At age 17 years there was no consistent pattern of adverse associations present between prenatal MeHg exposure and detailed domain specific neurocognitive and behavioral testing. There continues to be evidence of improved performance on some endpoints as prenatal MeHg exposure increases in the range studied, a finding that appears to reflect the role of beneficial nutrients present in fish as demonstrated previously in younger subjects. These findings suggest that ocean fish consumption during pregnancy is important for the health and development of children and that the benefits are long lasting.
The United Nations Food and Agriculture Organization estimates that "…globally, fish provides more than 1.5 billion people with almost 20 percent of their average per capita intake of animal protein, and nearly 3.0 billion people with 15 percent of such" (Food and Agriculture Organization of the United Nations 2008). All fish contain small amounts of methylmercury (MeHg) . High exposures to MeHg are known to be related to adverse neurodevelopmental consequences and the fetus is known to be especially vulnerable. However, the exposure level at which such effects can first be detected is not presently known and epidemiologic studies of MeHg exposure from fish consumption have not provided clear answers. Some studies report adverse associations at low levels of exposure albeit in populations exposed to a diet high in pilot whale meat and blubber (Grandjean et al., 1997) or shark (Kjellstrom et al., 1986a , Kjellstrom et al., 1986b while others with just ocean fish consumption do not (Davidson et al., 1998 , Myers et al., 2003 . Fish are also high in nutrients such as n-3 and n-6 long chain polyunsaturated fatty acids (LCPUFA), which are essential for normal brain development (Food and Agriculture Organization of the United Nations 2008). Higher fish consumption during pregnancy with presumably higher LCPUFA intake has been associated with beneficial neurodevelopmental outcomes in offspring (Hibbeln et al., 2007 , Jacobson et al., 2008 , Oken et al., 2008 .
The Seychelles Child Development Study (SCDS) is a longitudinal cohort study designed to test the hypothesis that prenatal MeHg exposure from a diet high in fish is associated with adverse neurodevelopmental outcomes. The Seychellois consume ocean fish daily and do not consume sea mammals or fresh water fish. In addition, ocean fish in Seychelles has a MeHg content similar to commercially available fish in most parts of the world. Comprehensive neurodevelopmental assessments at seven ages between 6 months and 10 years have found no evidence to support the hypothesis that prenatal MeHg exposure from fish consumption is associated with delays in neurodevelopment. We have found no association between prenatal MeHg exposure and the majority of the 44 primary endpoints examined prior to the present study. Adverse associations have rarely been found. In contrast, we have found improving performance associated with increasing prenatal MeHg in the range achieved by fish consumption observed in some endpoints as early as 29 months and still present at 10 years of age (Myers et al., 2003) . These findings have been attributed to the influence of the nutritional benefits of fish, but nutritional status during pregnancy was not measured in the Main Study cohort. However, maternal nutritional status was measured in a subsequent SCDS birth cohort , Stokes-Riner et al., 2010 . This study revealed a beneficial association between maternal n-3 LCPUFA status during pregnancy and the Bayley Scales of Infant Development (BSID-II) Psychomotor Index (PDI) and an adverse association between prenatal MeHg exposure and this same test only when nutrients were included in the models (Stokes-Riner et al., 2010 . These associations did not change significantly from 9 to 30 months (Stokes-Riner et al., 2010) .
It is currently unclear if the lack of adverse associations or presence of beneficial associations with increasing prenatal MeHg exposure will persist into adolescence. It is also unknown whether these results might extend to non-cognitive outcomes such as problematic behaviors. Many of the neurocognitive tasks used in our earlier studies concurrently tap multiple skills which are difficult to separately evaluate until children reach full maturity. The current study of young adults from the SCDS Main Cohort examined the association of prenatal MeHg exposure and specific domains of learning, reversal learning, perseveration, working memory, and attention along with measures of scholastic achievement and problematic behaviors.
Method Participants and MeHg Exposure
Of the 779 Seychellois infant-mother pairs originally enrolled in 1989 -1990 , 705 subjects were still eligible for this evaluation. Seventy-four subjects were excluded for specific reasons including lack of prenatal exposure data, medical conditions that might affect development , or withdrawal from the study. Prenatal MeHg exposure was measured in maternal hair samples as previously described . Recent postnatal exposure was measured in a 1-cm length of each child's hair closest to the scalp taken at the time of testing. A total of 600 subjects ranging in age from 15.7 to 18.4 years participated in the test battery. However, full data sets were available for 371 to 462 depending upon the specific outcome measure.
Neurocognitive and Behavioral Testing Procedures
Neurocognitive and behavioral testing was carried out on individual participants in a quiet dedicated test room. Subjects first completed a confidential behavior questionnaire (adapted specifically for the Seychellois culture with items from the WHO global school-based student health survey and the US Centers for Disease Control and Prevention Youth Risk Behavior Survey (Centers for Disease Control and Prevention 2003, Prevention). The questionnaire assessed aspects of substance use, anti-social behavior, injuries and mental health. Subsequently, paper-based versions of the California Verbal Learning Test (CVLT) and five subtests of the Woodcock-Johnson Test of Scholastic Achievement-II (W-J-II) (passage comprehension, calculation, letter-word, applied problems and math fluency) were administered.
Paper and pencil testing was followed by computer-based administration of selected subtests from the Cambridge Neuropsychological Test Automated Battery (CANTAB) and the Wisconsin Card Sorting Test (WCST) with minimal instructions in Creole or English, dependent upon the participant. The CANTAB battery included multiple tests of three different domains including learning and reversal learning, memory, and attention. The battery was comprised of eight tests each of which has several endpoints: Intra-Extra Dimensional Shift Set (IED), Paired Associates Learning (PAL), Delayed Match to Sample (DMS), Pattern Recognition Memory (PRM), Spatial Recognition Memory (SRM), Spatial Working Memory (SWM), Reaction Time (RT) and Rapid Visual Information Processing (RVP). The CANTAB tests are sensitive and specific for detecting outcomes typically associated with neurotoxicant exposure (Davidson et al., 2006) . School records were reviewed for information about a student's referrals to a school counselor for a problematic behavior and any further actions resulting from referrals.
Covariates
All models were adjusted for sex, socioeconomic status (9 year old Hollingshead FourFactor Socioeconomic Status modified for use in the Seychelles), maternal intelligence (Kaufman Brief Intelligence Test Matrices; K-BIT) and recent postnatal MeHg exposure. All neurocognitive endpoints were also adjusted for the child's age at testing. The YRBS and problematic behavior endpoints were also adjusted for the child's WISC-III Full Scale IQ measured at 107 months (Myers et al., 2003) . Prenatal nutritional status and maternal dietary intake were not measured in this cohort.
Statistical Analysis
Primary endpoints for each W-J-II achievement and CANTAB test and for the CVLT and the WCST outcomes were first formulated, and associations of each with prenatal MeHg exposure examined using covariate-adjusted linear regression (log transformed if the assumption of normally distributed errors with constant variance was violated). All models first included sex by prenatal MeHg and sex by postnatal MeHg interaction terms and if not significant rerun without the interaction terms. Interactions are reported where significant. Models were run with and without influential points (defined as observations with a Cook's distance greater than 0.5), and with and without any outliers which were extreme compared to the other observations. Four subjects who tested as color blind were excluded from the CANTAB analyses.
Substance use, antisocial behavior, injuries and mental health responses obtained from the YRBS, incidents per year reported to a school counselor and subsequent referrals per year to a school counselor for action were categorized by the number of positive responses or frequency of occurrence where higher numbers reflect riskier behavior. These distributions were classified into four to six categories and fit using multinomial logistic regression. Category 0 (no problematic behaviors) served as the baseline, and negative coefficients indicated improved behavior. Multinomial logistic regression analyses for prenatal MeHg exposure using all the covariates were fit for each endpoint. Each model was first run with prenatal MeHg by sex and postnatal by sex interaction term and if not significant, rerun without interactions. Models were examined for statistical outliers (scores with standardized residual values >3 or <-3). All models with outliers were rerun without the outliers and the results with and without outliers were compared.
Results
The means and SDs for all covariates and the neurodevelopmental endpoints are shown in Table 1a . The first five columns show data for the cohort members with a full set of covariates. The five columns to the right show data for remaining subjects who were excluded from analyses because they lacked a full set of covariates. The two groups appear comparable. By and large, scores are similar to a US reference sample (Davidson et al., 2006) . The frequency distributions for the behavioral endpoints are shown in Table 1b . There are no norms for the behavioral questionnaire but distributions show declining numbers of subjects engage in risky behaviors, an expected result.
Among subjects with at least one neurocognitive endpoint and a full set of covariates, the mean prenatal exposure measured as total Hg was 6.9 ppm (n = 462, SD = 4.4 ppm; range 0.54 -23 ppm). There were no influential points in any models, and model results from which outliers were removed were similar to results with all observations.
Regression analysis results are summarized in Tables 2a (neurodevelopmental endpoints) and 2b (behavioral endpoints). Increasing prenatal MeHg exposure was associated with a reduction in total trials to complete the CANTAB IED test (Figure 1 Panel A) with all observations and after removal of four outliers (p = 0.03). Improved W-J-II Calculation scores were also associated with increasing prenatal MeHg exposure (Figure 1 Panel B). Table 2b shows that the prenatal MeHg by sex interaction was significant for substance use and mental health, so associations were considered separately by sex. Prenatal MeHg was associated with reduced reports of substance use for males at two intermediate categories and females at the highest count of substance use behaviors. Prenatal MeHg exposure was also associated with significant reductions in the highest number of behavioral incidents reported to a school counselor with the significant association reflecting reductions at the highest level. There were no associations between prenatal MeHg and >3 referrals per year, but increasing exposure was associated with a significant increase in the likelihood of having 1-3 referrals to a school counselor compared to no referrals.
Covariates such as maternal IQ and SES were directly associated with test outcomes as expected. Sex associations were task specific and varied. Males generally responded more poorly than females. Recent postnatal MeHg exposure was not associated with any health behavior outcomes, but was associated with weaker performance on the W-J-II Passage Comprehension. We found negative coefficients for age-at testing for W-J-II Passage Comprehension, Applied Problems and Math Fluency subtests, indicating that scores decreased with increasing age within the age ranged of the subjects. Similar age-at-testing results were found for CANTAB PAL scores, DMS % Correct, 0 second delay and PRM endpoints (Table 2A) . We are uncertain why this shift occurred within a relatively narrow age range. It most likely reflects the fact that at the later ages, the subjects are now out of school and may be less motivated to or interested in performing the tests to the maximal level of effort.
Discussion
We found improved performance or no association between prenatal MeHg exposure and 26 out of 27 primary endpoints measured in this study. We found only one adverse association with prenatal MeHg and this appeared in the lowest category of a multi-category endpoint (referrals to a school counselor), but there was no association for higher categories that represented more frequent referrals. These results do not support the hypothesis that prenatal MeHg exposure at levels achieved by fish consumption adversely affect adolescent development and are consistent with our earlier reports. On repeated and increasingly more detailed and extensive evaluations, we have found no consistent pattern of adverse associations between prenatal MeHg exposure and developmental outcomes. We have now studied over 70 primary and secondary endpoints including tests of global and specific neurocognitive domains, achievement and problematic behaviors. This finding is reassuring because the MeHg exposure in the SCDS Main Cohort is one of the highest in the world, over ten times that of samples in the United States (Schober et al., 2003; McDowell, et al., 2004) and Sweden (Björnberg, et al., 2003; . Our cohort's mean prenatal hair MeHg level of 6.9 ppm was also higher than the median of 4.5 ppm reported in the Faeroe Islands Study (Grandjean, et al., 1997) .
As in our earlier studies (Davidson et al., 1998 , Myers et al., 2003 , we found improved performance with increasing prenatal MeHg exposure for some endpoints. There is no reason to believe that MeHg exposure at any concentration should improve performance, so it is most likely that prenatal MeHg measurements are a surrogate marker for fish consumption. For humans, fish is the primary source for some LCPUFA that are essential for neural development. The human body has a very limited ability to synthesize the n-3 LCPUFA docosahexaenoic acid (DHA) and eicosapentanoic acid (EPA), and fish is the primary human dietary source. These n-3 LCPUFA have been shown to improve cognitive and behavioral function in young children (Decsi and Koletzko 2005 , Dunstan et al., 2008 , Helland et al., 2003 , Judge et al., 2007 . Although maternal nutrient levels were not measured in this cohort, we did measure them in another SCDS cohort. In that study we found beneficial associations between total maternal n-3 LCPUFA and the BSID-II PDI score at 9 months and the association was further strengthened when the prenatal MeHg exposure level was included in the regression model (Davidson et al., 1998) . That study also found an adverse association with prenatal MeHg when nutrients were included in the model. Other studies have reported associations between total fish consumption and developmental outcomes, but they did not specifically measure LCPUFA (Davidson et al., 2006 , Decsi and Koletzko 2005 , Dunstan et al., 2008 , Schober et al., 2003 .
If improved performance with increasing prenatal MeHg exposure indeed reflects the influence of n-3 LCPUFA or other benefits associated with fish consumption on development, then these findings would suggest a modest but prolonged duration of such benefits. Improved scores on the W-J-II Calculation subtest and CANTAB IED total trials indicate enhanced problem solving ability. Our findings indicate benefits that are behavioral domain specific and extend to behaviors likely to positively influence a successful life trajectory.
Recent postnatal MeHg has been included in our analyses since fish consumption in Seychelles starts early and by age 5 years is fairly consistent. We have reported both adverse and beneficial associations with postnatal MeHg exposure when the Main Cohort was evaluated at earlier ages (Myers et al., 2009 ). There was an adverse association with one of 27 endpoints in this study and likely represents a chance finding. We are cautious in interpreting associations with postnatal exposure since the SCDS was designed to determine associations with prenatal exposure. In addition, our postnatal measure is a convenience sample representing only one month exposure and there is no accepted metric of postnatal exposure.
Strengths of the current study include its high prenatal MeHg exposure, large cohort, high retention rate, longitudinal design, repeated testing at multiple ages and extensive characterization of the Seychellois study population. In addition, the tests we used have both clinical and environmental validity and include ones that are behavioral domain specific (Davidson et al., 2006) . One limitation of this cohort study is the absence of maternal nutritional information which would permit a direct assessment of prenatal nutrition influence on subjects' development. We did not assay any biomarkers for maternal nutritional status during pregnancy, such as LCPUFA, nor did we collect any information on dietary behaviors. Fish are also high in selenium and when prepared in palm oil, as is the practice in the Seychelles, that may increase levels of vitamin E. Both selenium and vitamin E may act as antioxidants and reduce oxidative stress resulting from MeHg. These issues are being addressed in other Seychellois cohorts .
The current findings are reassuring regarding the rewards and risks of fish consumption and indicate that exposure to MeHg during pregnancy from consumption of ocean fish is not adversely associated with neurocognitive and behavioral outcomes measured in late adolescence. Our findings should be of interest to policymakers and regulators as they formulate public health guidance concerning ocean fish consumption during pregnancy. Current guidelines appear to be limiting fish consumption by pregnant women (Bloomingdale et al., 2010 , Oken et al., 2003 and thereby depriving the fetus of nutrients important to the developing brain.
Highlights
People worldwide depend upon daily fish consumption as a major source of protein and other nutrients.
Fish are high in nutrients essential for normal brain development, but they also contain methylmercury (MeHg), a neurotoxicant.
The objective of this study was to determine if the absence of adverse outcomes and the presence of beneficial associations between prenatal MeHg and developmental outcomes previously reported persists into adolescence.
This study was conducted on the Main Cohort of the Seychelles Child Development Study (SCDS). We examined the association between prenatal MeHg exposure and subjects' performance at 17 years of age on 27 endpoints.
There was no association between prenatal MeHg and 21 endpoints. Increasing prenatal MeHg was associated with better scores on four endpoints.
These findings suggest that ocean fish consumption during pregnancy is important for the health and development of children and that the benefits are long lasting. 
Table 2b
Regression Analysis Results for Behavioral Endpoints 
